Introduction {#S0001}
============

Cancer-induced bone pain (CIBP) is a debilitating complication arising due to the presence of a primary malignant tumor, or more commonly a metastasized mass within bony tissue. Incidentally, pain is the most common presenting symptom of bone cancer for over two-thirds of patients with advanced breast and prostate cancer showing metastasis to the bone.[@CIT0001],[@CIT0002] CIBP is typically characterized as a dull background pain, with or without movement-evoked pain[@CIT0003] precipitated most likely by intense excitation of bone nerve endings,[@CIT0004] along with the excitatory firing of central neurons in the spinal cord.[@CIT0005] The current management strategy to address CIBP is to remove the tumor (by radiation therapy or surgical resection), and/or use of systemic analgesic drugs.[@CIT0006] Though the current line of pain management provides adequate pain relief in the majority of patients with CIBP, about 20% still experience unsatisfactory pain control.[@CIT0007] Hence, novel strategies and further understanding of the mechanisms behind CIBP are urgently required.

Bone peripheral nerve endings and their role in the development of CIBP is an area that has been less explored. About 70% of peripheral nerve endings of bone are located underneath the periosteum, while the remaining 30% are found in the cortical and trabecular regions.[@CIT0008] The nerve fibers innervating the bone are mainly of sensory and sympathetic origin, contributing to bone vascularization, matrix differentiation, and osteocyte metabolism.[@CIT0004],[@CIT0009] Previous studies have shown that lytic tumors in the bone sensitize the unmyelinated C fiber nociceptors and the thinly myelinated A fiber neurons in the dorsal horn of the spinal cord, resulting in persistent pain.[@CIT0010] Interestingly, the mechanism of pain generation in CIBP has been attributed to both inflammatory and neuropathic components. Features of inflammatory pain have been linked to the release of factors such as bradykinin,[@CIT0011] endothelins,[@CIT0012] and Interleukin-6[@CIT0013] by cancer stromal cells within the bone matrix, while the neuropathic component is mainly due to sensitization of neurons in the spinal cord, secondary to tumor-induced axonal injury.[@CIT0014] In addition, dense sprouting of peripheral nerve fibers has also been noted in tumor-bearing bone.[@CIT0015]

Aberrant excitation of the tumor-affected bone nerve fibers has been attributed to the development of increased pain sensitivity over the tumor site, called primary hyperalgesia. Curiously, distal hyperalgesia is also observed at body sites that are quite remote from the tumor, and is generally considered to arise due to central neural involvement.[@CIT0016],[@CIT0017] Previous studies have demonstrated that blocking peripheral nerve signals proximal to a nerve lesion can modulate the sensitization of central neurons in the spinal cord.[@CIT0018] Relatedly, in this study, we wanted to further understand the nature of primary and distal hyperalgesia in CIBP. We, therefore, used bupivacaine, a strong local anesthetic agent, to block peripheral nerve fiber function around the tumor, and determined its effect on primary and distal hyperalgesia as a function of time.

Materials and Methods {#S0002}
=====================

Animal Care {#S0002-S2001}
-----------

Adult, female Sprague--Dawley rats weighing 200--250 g were housed in pairs, allowed standard rat diet and water ad libitum, and maintained on 10h/14h light/dark cycle. The study was conducted under protocols approved by the Institutional Animal Ethical Committee (IAEC) (IAEC/2016/1/4), Amrita Institute of Medical Sciences, Kochi, India, in accordance with guidelines set forth by the Committee for Control and Supervision of Experiments on Animals (CPSCSEA), Government of India.

Animal Model of CIBP {#S0002-S2002}
--------------------

Bone tumor was induced in rats by injecting syngeneic breast cancer cell line, MRMT-1 (Riken, Japan) into the proximal end of tibia. MRMT1 cells (passage no. 10--13), were cultured in vitro 5% CO~2~ at 37°C, in medium containing RPMI 1640 (Lonza, USA), 10% heat-inactivated fetal bovine serum (FBS) (Invitrogen, USA) and 1% penicillin-streptomycin (Invitrogen, USA). Cells were trypsinized and centrifuged at 200 g (Eppendorf, Model 5810R, Germany) for 5 min and counted. The cells were re-suspended in HBSS (Lonza, USA) at a concentration of 3 x 10^7^ cells/mL, and maintained at 4°C for administration into animals the same day.

Animals were anesthetized using an intraperitoneal injection of ketamine-xylazine, followed by a \~5-8 mm incision on the left knee joint, just enough to allow the penetration of a 24-gauge needle into the proximal end of the tibia. Ten μL of MRMT-1 cell suspension containing 3 x 10^5^ cells were injected slowly using a 50 μL Hamilton syringe, into the anterolateral part of the proximal tibia, just after penetrating the articular cartilage. The incision was closed using tissue adhesive, and the animal was allowed to recuperate. Animals in the sham group received heat-killed MRMT-1 cells (cells exposed to 100°C for 30--45 min) and were exposed to all other conditions similar to the experimental group.

Imaging Studies {#S0002-S2003}
---------------

Hind-limbs of anesthetized animals were radiographically imaged (GE OEC 9600 C-Arm, USA) on 7- and 14-day post-tumor induction (PTI), and the obtained radiograms were analyzed by a blinded observer. Animals were sacrificed and hind limbs collected for histology, and micro-CT imaging. Tibiae were scanned using microcomputed tomography (MILabs, Netherlands) with 8.8 voxel size, and 3D reconstructions were carried out with a dedicated visualization software (MILabs, Netherlands).

Sensory and Motor Behavioral Tests {#S0002-S2004}
----------------------------------

Tactile, thermal, and pressure responsiveness were measured separately on all animals, every 2 days, till the end of the study period. Enhanced pressure responsiveness over the knee joint (site of tumor induction) was measured as an indicator of primary hyperalgesia. Pressure responsiveness was measured by applying graded mechanical pressure using a pressure application meter (PAM, Ugo Basile, Italy). A pressure-sensitive probe was gradually pressed against the tumor mass, until the animal reflexively removed the limb, and the force required to elicit the withdrawal response was recorded. Recordings were repeated thrice per animal, with a 5-mins interval between each recording, and the mean value considered as the withdrawal threshold.

Tactile responsiveness elicited from the hind paw (distal from tumor site) was used to determine distal hyperalgesia. Measurement of tactile responsiveness has been described elsewhere,[@CIT0019] but briefly, measurements were performed using calibrated Semmes Weinstein monofilaments (IITC Life Sciences, USA), and quantified by the Up-Down method of Dixon.[@CIT0020] Animals were acclimatized to a wire-mesh bottom, followed by probing of the hind-paw with the monofilaments for at least 8 s, with sufficient force that caused slight buckling of the filaments. A reflexive withdrawal of the limb away from the testing probe was considered as a positive response. Testing began with a 2 g mass-force monofilament, followed by a "higher" or "lower" grade filament depending on the previous paw response. The mass-force required to elicit a 50% withdrawal response rate was calculated as previously described.[@CIT0019] Each recording was repeated thrice per animal and the mean value considered as the paw-withdrawal threshold.

Thermal responsiveness was quantified using a microprocessor-controlled hot plate (IITC Life Sciences, USA). The hind paw of acclimatized animals was gently placed on the surface of the hot plate heated to 56°C. The time taken by the animal to reflexively remove its limb from the heated surface was recorded. Each limb was alternated three times, and the mean value considered as the withdrawal latency.

To test motor strength, rats were held over a digital weighing balance, in a manner where the animal was allowed to bear weight on one hind paw at a time.[@CIT0021] The maximum weight borne by the animal was recorded. Each recording was repeated three times, and the mean value considered as the extensor postural thrust.

Peritumoral Injection of Bupivacaine {#S0002-S2005}
------------------------------------

Bupivacaine hydrochloride solution (0.5% w/v) was prepared in 0.9% saline and filter-sterilized (0.22 µm syringe filter). Bupivacaine was injected in sham and tumor-induced rats, immediately after a short inhalational exposure to 2% isoflurane. A 24-gauge needle was used to inject 150 μL of bupivacaine solution at the base of the tumor as it arises from the bone. The injection site was digitally palpated during the course of needle insertion to ensure that the needle tip does not enter the tumor mass. Care was taken to inject the local anesthetic primarily into the bone around the tumor, without any infiltration into the tumor mass. All animals received bupivacaine injection on days 7 and 14 PTI, with each animal being tested for pain withdrawal threshold.

Immunohistochemistry {#S0002-S2006}
--------------------

Immunohistochemical analysis was performed on dorsal root ganglion (DRG) and spinal cord sections harvested from day 7 and day 14 PTI rats to determine the expression levels of ATF3 and GFAP, respectively. Animals were perfused with 4% (w/v) paraformaldehyde in 0.1 M PBS and post-fixed in 4% (w/v) paraformaldehyde overnight. Following tissue fixation and dehydration, DRG's and spinal cord tissue sections were embedded in paraffin blocks and 5 µm thin sections were cut using a microtome. DRG sections were stained with monoclonal mouse anti-ATF3 (1:500) antibody (Abcam, USA), and counterstained with DyLight 488 (10 µg/mL) (Vector Labs, USA) while, spinal cord sections were stained with polyclonal rabbit anti-GFAP (1:100) antibody (Abcam, USA), and counterstained using DyLight 549 (10 µg/mL) (Vector Labs, USA). DRG sections harvested from day 7 and day 14 CIBP animals (lumbar levels L4 to L5) with 4 sections per animal were examined using a Leica 3000B fluorescent microscope. ATF3 positive cells were calculated by counting the total number of cells and the number of ATF3 positive cells per field. For GFAP expression, spinal cord sections harvested from day 7 and day 14 CIBP animals with three sections per animal (consisting of four non-overlapping images per section) were utilized to measure the GFAP positive area per field using ImageJ (NIH) software, as described elsewhere.[@CIT0018]

Statistics {#S0002-S2007}
----------

All data are represented as mean ± standard deviation (SD). Difference in mean values among experimental and control groups was tested using one-way, or two-way ANOVA, using GraphPad Prism version 7.0 for Mac (GraphPad Software, La Jolla California USA).

Results {#S0003}
=======

Osteolytic Lesions in the CIBP Model of Rat {#S0003-S2001}
-------------------------------------------

Female SD rats were injected with the syngeneic MRMT-1 breast cancer cells into the proximal end of left tibia, while the contralateral limb was used as control. Cells were implanted just below the epiphyseal cartilage after penetration through the articular cartilage. On gross examination, a smooth swelling and palpable mass were noted (c.a 2--3 mm) at the site of tumor cell injection after 4--5 days, which increased in size over the period of study. On palpation, the mass was found to be fixed to the underlying tibial head, and the lower borders could not be differentiated from the bone. Radiographs of the knee joint obtained from day 14 PTI rats showed distinct osteolytic lesions that appeared translucent and ill-defined, covering the proximal one-third of tibia ([Figure 1A](#F0001){ref-type="fig"}). Micro-CT images of the tumor-bearing bone further confirmed the presence of large lytic lesions that had eroded the surface of the proximal end of tibia ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}). Smaller lytic lesions were also observed in the distal end of the femur ([Figure 1D](#F0001){ref-type="fig"}), most likely due to the extravasation of the tumor cells into the knee joint. Despite the aggressive nature of the induced tumor, rats appeared active, with no loss in body weight ([Figure 1B](#F0001){ref-type="fig"}) or change in gait for the entire 14-day period of the study.Figure 1Rats injected with MRMT1 breast cancer cells demonstrated osteolytic lesions on (**A**) radiographs, and lytic lesions on gross examination. (**B**) The gross body weight of the tumor-bearing animals throughout the experimental duration remained constant. Data shown are mean ± S.D., obtained from 18 rats. (**C**--**D**) Micro-CT images showed clear degradation of the periosteal layer along with degradation of the underlying bone tissue (arrows).

Primary and Distal Hyperalgesia in CIBP {#S0003-S2002}
---------------------------------------

To assess the development of primary and distal hyperalgesia in tumor injected animals, evoked limb-withdrawal behavior was tested by application of appropriate stimuli around the knee and hind paw, respectively. Behavioral response to the application of mechanical pressure over the local tumor site was used as a measure of primary pressure hyperalgesia,[@CIT0022] while the response to the application of tactile stimulus at the hind paw was used as a measure of distal punctate hyperalgesia.[@CIT0023]

Animals demonstrated enhanced responsiveness to the application of milder pressure at the tumor site, compared to the non-tumor bearing contralateral control knee (P \< 0.05, n = 4, [Figure 2A](#F0002){ref-type="fig"}). This form of primary pressure hyperalgesia in the ipsilateral limb was observed starting on day 3 and was maintained throughout the duration of the study. Similarly, animals showed increased sensitivity towards tactile probing of the hind paw in the tumor-afflicted limb compared to the contralateral limb (P \< 0.05, n = 10, [Figure 2B](#F0002){ref-type="fig"}), suggestive of distal hyperalgesia. The onset of distal hyperalgesia was also observed around day 3, and remained throughout the duration of the study. In stark contrast, animals demonstrated no difference in the hind paw responsiveness to thermal stimulus in both tumor-afflicted and non-afflicted limbs (P \< 0.05, n = 10, [Figure 2C](#F0002){ref-type="fig"}). Our findings agree well with previous studies that have showed a normal response to thermal stimulus in remote hyperalgesia.[@CIT0024],[@CIT0025] In addition, rats injected with heat-inactivated MRMT-1 cells in the proximal tibia did not show any change in response to pressure or punctate stimulus ([[Supplementary Figure 1A](https://www.dovepress.com/get_supplementary_file.php?f=250198.docx)]{.ul} and [[B](https://www.dovepress.com/get_supplementary_file.php?f=250198.docx)]{.ul}).Figure 2Tumor-afflicted limbs of rats injected with MRMT1 breast cancer cells demonstrated hyperalgesia at both primary tumor site (knee) and a distal site (hind paw). (**A**) Local pressure evoked withdrawal response, (**B, C**) mechanical-stimulus evoked and thermal-stimuli evoked withdrawal response (hind paw), and (**D**) extensor postural thrust (hind paw) was recorded up to 10--14 days post-tumor induction. Data shown are mean ± S.D., obtained from n = 4 rats (**A**), and n = 10 (**B, C, D**). \*indicates P value of \<0.05, two-way ANOVA along with correction for multiple comparisons using the Bonferroni method.

Since motor pathways partly determine the interpretation of sensory behavioral tests, we measured the thrust exerted by the extensor muscles of the hind limb (extensor postural thrust) as an indicator of limb motor strength. Both, ipsilateral and contralateral limb exerted similar force (P \> 0.05, n = 10, [Figure 2D](#F0002){ref-type="fig"}), suggesting that the motor component was unaffected by tumor growth in the proximal tibia.

Sensitivity of Primary and Distal Hyperalgesia to Local Bupivacaine in CIBP {#S0003-S2003}
---------------------------------------------------------------------------

To determine the effect of bone-nerve fiber blockade on primary and distal hyperalgesia, bupivacaine was injected in a manner where the drug solution was administered deep near the base of the tumor as it projects from the bone. Care was taken not to inject the drug into the tumor tissue, but the needle was advanced far enough to enter the articulating cartilage and the bone. Vehicle treated tumor-bearing rats were used as controls ([[Supplementary Figure 2A](https://www.dovepress.com/get_supplementary_file.php?f=250198.docx)]{.ul} and [[B](https://www.dovepress.com/get_supplementary_file.php?f=250198.docx)]{.ul}). Animals were injected with bupivacaine on days 7 and 14 PTI. These time points were chosen to represent short-term and long-term consequences of CIBP, respectively. Tumor-bearing rats injected with bupivacaine showed pressure-induced withdrawal thresholds that were significantly higher (P \< 0.05, 159.8 ± 29.1 gf/s, n = 4, [Figure 3A](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}), compared to baseline measurements (time = 0 min, 78.3 ± 13.6 gf/s). The observed bupivacaine-induced blockade of primary pressure hyperalgesia at the tumor site was maintained for a period of 20--30 mins, in both day-7 and −14 PTI groups. Similarly, responsiveness to the punctate stimulus of the hind paw, after bupivacaine injection in the day-7 PTI rats demonstrated withdrawal thresholds that were significantly higher (P \< 0.05, 11.9 ± 4.09 g, n = 16, [Figure 3B](#F0003){ref-type="fig"}) compared to baseline recordings. The effect of bupivacaine was observed for a duration of 4 hrs, after which the withdrawal threshold returned to baseline ([Figure 3B](#F0003){ref-type="fig"}). In stark contrast, bupivacaine did not induce any change in the withdrawal thresholds obtained from day-14 PTI rats (P \> 0.05, 10.02 ± 5.24 g, n = 10, [Figure 3D](#F0003){ref-type="fig"}). These findings strongly suggest that CIBP-induced late distal punctate hyperalgesia does not respond to peripheral blockade of bone nerve terminals.Figure 3Peritumoral injection of bupivacaine solution reversed tumor-induced primary-pressure-evoked hyperalgesia for up to 20 mins in both, early and late stage of CIBP. Meanwhile, tumor-induced distal hyperalgesia was abolished up to 4 hrs at the early stage (7 days post-tumor induction), but not in the late stage (14 days post-induction) of CIBP condition. Data shown are mean ± S.D., from four rats (**A, C**), and 16 rats (**B, D**). \*indicates P value of \<0.05, one-way ANOVA, with Dunnett's multiple comparison test. (Data points indicate ipsilateral limb).

Expression of ATF3 and GFAP in the DRG and Dorsal Horn Cells of CIBP Animals {#S0003-S2004}
----------------------------------------------------------------------------

Since distal punctate hyperalgesia in rats with long-standing bone tumors was not affected by peritumoral bupivacaine, we wanted to determine the expression of injury markers in neurons that innervate the area where distal hyperalgesia was elicited. It is interesting to note that the nerve innervation to the skin site overlying the proximal tibia is via fibers arising in the L1-3 spinal cord lamina,[@CIT0026] while the skin from the hind paw receives innervation from the L4-5 lamina.[@CIT0027] DRG sections harvested from L4-5 regions were stained for the injury marker, activating transcription factor 3 (ATF3) ([Figure 4A](#F0004){ref-type="fig"}--[E](#F0004){ref-type="fig"}). About 8--9% of DRG neurons from day-7 CIBP animals demonstrated ATF3 positivity, which increased to 20% by day 14 ([Figure 4E](#F0004){ref-type="fig"}). Only those DRG neurons that showed brightly stained nucleus were counted as ATF3 positive cells ([Figure 4C](#F0004){ref-type="fig"}, inset). DRG sections harvested from the contralateral side showed minimal to no ATF3 positivity.Figure 4Representative images of ATF3 positive cells (arrows) in lumbar (L~4-5~) DRG sections obtained at day 14 from the ipsilateral or contralateral side of the sham (**A, B**) and tumor-bearing animals (**C, D**). Histogram showing ATF3 staining quantification in (**E**). Similarly, representative images of the spinal cord section from the lumbar area stained for GFAP positive cells (arrows) from sham (**F, G**) and tumor-bearing animals (**H, I**) and quantified in (**J**) (n=4).

Similarly, L4-5 spinal cord sections were stained for Glial fibrillary acidic protein (GFAP) ([Figure 4F](#F0004){ref-type="fig"}--[J](#F0004){ref-type="fig"}), as a marker for astrocyte activation, and a sign of central sensitization. The dorsal horn region of the spinal cord sections demonstrated marked GFAP staining that was distinctly increased in day 14 animals as compared to day 7, though there was no statistical difference between the two groups (P \> 0.05, n = 4). Dorsal horn sections from the contralateral side showed minimal GFAP staining, except for two animals which showed strong contralateral GFAP staining 14 days after tumor induction ([Figure 4J](#F0004){ref-type="fig"}). Detection of GFAP positive cells on the contralateral side of nerve injury is not uncommon, and has been reported by other studies as well,[@CIT0018],[@CIT0028] possibly due to the spread of injury-induced aberrant electrogenic signals to the opposite segment.[@CIT0029] Overall, these findings indicate that a central neuronal injury due to tumor-induced peripheral nerve damage is observed 7 days after tumor induction, which progresses and becomes more robust by day 14.

Discussion {#S0004}
==========

A large population of patients with metastasized tumors to the bone not only experience hyperalgesia directly over the tumor site[@CIT0030] but also to distal sites.[@CIT0031] Primary hyperalgesia arising directly from the site of tumor has been attributed to the pathological reorganization of the peripheral nerve terminals located within the bone--tumor interface,[@CIT0032] aberrant sprouting of nerve fibers,[@CIT0015] tumor-induced compression of axons,[@CIT0033] and exposure of bone-peripheral nerve terminals to various nociceptive factors within the tumor microenvironment.[@CIT0034] By contrast, the onset of distal hyperalgesia is attributed to cellular changes that occur in the central nervous system, collectively termed as central sensitization. It is interesting to note that the term "secondary hyperalgesia" has been used in overlapping context with distal hyperalgesia, to describe pain sensitivity in remote areas,[@CIT0022],[@CIT0035] as well as in the immediate vicinity of an injury.[@CIT0016],[@CIT0017] Since in this study, we are addressing hyperalgesia in an area much further away from the primary tumor site, we chose to use "distal hyperalgesia" to maintain distinction.

Early and Late Hyperalgesia {#S0004-S2001}
---------------------------

In this study, we have attempted to understand the bupivacaine sensitivity of bone-nerve terminals and its ensuing effect on primary and distal hyperalgesia at various time points during the course of CIBP. We observed that female rats developed primary pressure hyperalgesia, and distal punctate hyperalgesia, 2--3 days after tumor induction, and the initial onset of hyperalgesia preceded the occurrence of palpable tumor mass by 4--5 days. Previous studies have clearly shown that macrophages, T cells,[@CIT0036] and neutrophils are actively recruited in and around the bone tumor,[@CIT0037] resulting in an inflammatory response.[@CIT0038]

Secretions from these inflammatory cells, including prostaglandins,[@CIT0039] endothelin[@CIT0012] and various other cytokines are primarily responsible for the activation of nociceptive receptors located on afferent bone fibers. Considering the short timeline for the development of pain hypersensitivity, this "early hyperalgesia" observed both at the knee and distally at the hind paw could primarily be due to an inflammatory response towards the injected cancer cells.

By the end of 2 weeks, both primary pressure hyperalgesia, and distal punctate hyperalgesia had increased in sensitivity to a point where the difference between early and late hyperalgesia (hyperalgesia at 2 weeks) was considerably large. This observation suggests that as early hyperalgesia progresses to late hyperalgesia, there may be changes, either at the bone sensory afferents, and/or centrally at the spinal cord that is responsible for the observed sustenance and increase in pain sensitivity. In this connection, it has been shown that spinal cord segments innervated by primary afferent neurons from tumor-bearing limbs undergo extensive neurochemical rearrangement.[@CIT0038] Such central changes include astrocyte hypertrophy, increased extracellular glutamate, and enhanced expression of injury markers like ATF3, galanin, and c-Fos.[@CIT0040] In addition, animals with CIBP have also been reported to demonstrate a shift in nociceptive to wide-dynamic range neuron ratio, which is thought to increase neuronal response-probability to low-threshold inputs, forming the basis for pain behavior.[@CIT0041]

Even though our CIBP rats demonstrated punctate hyperalgesia, their response to thermal stimuli was similar to controls. This is consistent with previous studies that report the selective diminution of somatic sensitivity to tactile, but not to thermal stimuli, which has been attributed to the loss of epidermal innervation[@CIT0042] or action of the endogenous opioid system.[@CIT0025] However, it must be noted that there are other studies that have clearly observed marked hyperalgesia in response to thermal stimulus in nerve-injured rats.[@CIT0041] Reasons for differences in heat-induced pain behavior among different studies are still unclear but could be attributed to differences in the animal model, ambient temperature while testing, or the testing apparatus used.

Bupivacaine Sensitivity {#S0004-S2002}
-----------------------

CIBP-induced primary pressure hyperalgesia was completely blocked by peritumoral bupivacaine at all-time points in the study. This was expected, primarily because bupivacaine, a known local anesthetic, blocks voltage-sensitive sodium channels in the peripheral axons and inhibits the generation of afferent signals.[@CIT0043] In contrast, the effect of bupivacaine on CIBP-induced distal punctate hyperalgesia was quite different; early distal hyperalgesia was reversed by bupivacaine, while late distal hyperalgesia was not. This is interesting because it highlights the difference in the underlying cellular mechanism that is involved in the manifestation of early and late distal hyperalgesia. Early distal hyperalgesia appears to be associated with alteration in the sensitivity of distal peripheral neurons secondary to changes within the bone-nerve terminals, and not due to changes in the central nervous system. This was supported by the absence of ATF3 and GFAP expression in the lumbar DRG and spinal cord lamina of day 7 PTI rats, respectively (data not shown). However, late distal hyperalgesia appears to be more associated with central neuronal changes consistent with neuropathic mechanisms, as observed by the increase in ATF3 and GFAP expression in DRG and spinal cord lamina of day 14 PTI rats. This may also explain the non-responsiveness of late distal hyperalgesia to the peritumoral injection of bupivacaine. Here, it is important to add that ATF3, a member of the activating transcription factor/cAMP- responsive element binding protein (ATF/CREB) family of transcription factors, is known to be overexpressed in neurons under cellular stress.[@CIT0044] Similarly, GFAP, a glial intermediate filament protein shows increased expression in activated astrocytes, and is commonly used as a marker of central sensitization in neuropathic pain conditions.[@CIT0045]

One of the limitations of the study was that the tumor, in addition to eroding the bone, also extended into the joint and the surrounding soft tissue. Though such gross invasion of bone and its surrounding tissue are seen in clinical cases of metastasis,[@CIT0046] experimentally it would involve the peripheral nerve fibers in the synovium as well. The majority of the synovial nerve fibers have been reported to be of sympathetic origin;[@CIT0047] hence, the primary pressure hyperalgesia observed in this study could be partly mediated by these fibers. Alternatively, previous studies addressing CIBP have utilized animal models where cancer cells are injected into a pre-drilled opening in the bone and sealed.[@CIT0041] These models restrict the tumor within the bone, but also prevents local drug delivery to the vicinity of the tumor. In the current study, the tumor affects the superior end of the tibia, disrupting the integrity of the bone and cartilage, and protrudes out of the bone. This provides an avenue for administering bupivacaine peritumorally, and into the bone, for blocking bone-nerve terminals. With the development of novel delivery systems,[@CIT0048],[@CIT0049] applications such as the above, hold much promise in managing acute and chronic phases of CIBP.

In conclusion, we have observed that late CIBP-induced-pain sensitivity in areas distal to the tumor site differs from that in the primary site in response to nerve terminal blockade in the tumor-afflicted bone. This could be due to the gradual progression of changes from an inflammatory origin, to a more neuropathic mechanism in the connected neurons. However, additional studies are required to better understand the role of bone-nerve terminals and their chronic involvement with a growing tumor that results in enhanced distal pain conditions.
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